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summary
In this chapter, the contribution of molecular tools in understanding the aetiology and ecology of infectious diseases is
examined in the context of molecular epidemiology (ME). ME is seen as providing the `tools', both laboratory and
analytical, which have predictive signi®cance in epidemiological investigations of the causation of disease. A diversity of
questions can be addressed with these tools which can conveniently be viewed as particular regions of DNA and grouped
accordingto the diﬀerenthierarchicallevels ofspeci®city by whichinfectious agents canbe characterized. Thesegroupings
andtheapplicationsofthediﬀerentmoleculartoolsaredescribed,andconsiderationgiventothemostappropriatemethods
of analysing data from ME investigations.
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introduction
A variety of molecular approaches have been applied
to the problem of diagnosing infectious agents, and
this is well illustrated in the preceding articles in this
issue. In the present chapter, we should like to
examine the overall contribution of such molecular
tools, and their contribution to what we know about
the aetiology of infectious diseases. Such a collective
assessment can be viewed in the context of molecular
epidemiology (ME), which allows us to go beyond
the use of molecular methods for parasite iden-
ti®cation, and illustrates the enormous contribution
molecular biology is making towards our under-
standing of the causation of infectious disease and its
control.
ME adds another dimension to investigations of
disease aetiology and provides information that
classical epidemiology cannot. Thus ME is having a
great impact on traditional epidemiological concepts.
However, although cancer epidemiologists and mi-
crobiologists have embraced ME for at least the last
decade, parasitologists have been slower to develop
the ®eld of ME. It was not until the early 1990s that
ME started to ®gure more prominently in the
parasitological literature. A key publication was that
by Hide & Tait (1991) which reviewed the tech-
niques available and their potential to answer
epidemiologicalquestionsusingtrypanosomiasisand
leishmaniasis as examples. During the subsequent 8
years, ME has impacted in exciting ways on a
number of areas of parasitology and we will look at
these as well as some other infectious diseases.
However, before doing so we will try and de®ne what
is meant by ME.
* Corresponding Author.
what is molecular epidemiology?
Interestingly, trying to de®ne ME is seen by some as
apointofcontroversy,particularlyinmedicalcircles,
with concern about sub-specialization and the
boundaries of ME investigations (e.g. McMichael,
1995; Poirier, 1995; Weston, 1995; Hall, 1996).
However, these mostly semantic and discipline-
orientated discussions serve to obscure the value of
ME in understanding the causation of disease. The
most logical way to view ME is that it provides the
`tools' (both laboratory and analytical) with pre-
dictive signi®cance which epidemiologists can use to
better de®ne the aetiology of speci®c diseases; both
infectious and non-infectious.
Recent technological advances have made copious
genetic sequence data and precise quanti®able mea-
surements of microorganisms and host cell popu-
lations available (Lipsitch, 1997). Using PCR,
(polymerase chain reaction) de®ned parasite gene
sequences can now be detected from small quantities
of parasite material from which data can be used for
diagnosis, to assess the eﬀect of interventions on
parasite population structure, assessment of intra-
species diversity, and transmission studies (Bjork-
man et al. 1998).
In this chapter, we propose to examine ME in its
broadest sense, to encompass (1) the causation of
parasitic disease, which includes identi®cation of the
causative agent(s) and those host and environmental
factorsthatresultinsuccessfultransmission,coloniz-
ation and disease; (2) elucidating the interactions
and relationships between parasites at the population
level, both outside and within the host; and (3) how
this information can be applied to solving problems
related to control.
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tools employed in molecular
epidemiology
Our ability, using molecular techniques, to detect
and characterize the genetic variability of infectious
agents, particularly at the intraspeci®c level, can be
seen as the foundation for the majority of molecular
epidemiological studies. The application of appro-
priate molecular tools will aid in the surveillance of
infectious agents and in determining sources of
infection. Indeed, outbreak investigations and sur-
veillancemaysoonbeconsideredincompletewithout
the application of molecular tools, especially PCR
which obviates the need to culture (Hall, 1996). As
such, ME investigations principally comprise the
analysis of nucleic acids and proteins in studying
health and disease determinants in animal, including
human, as well as plant populations. In this context,
Hall (1996) and Thompson & Lymbery (1996) have
emphasized the importance of appropriate analysis
and the value of characterizing the genetic diversity
of infectious agents at diﬀerent levels of speci®city.
The latter requires choosing molecular tools which
are capable of discriminating genetic variants at
diﬀerent hierarchical levels and the region of DNA
examined must be appropriate to the level of
questions being asked (Table 1). It should be noted
that these hierarchical levels represent a continuum
and diﬀerent techniques or regions of DNA may be
useful at diﬀerent levels across taxa. This Table
shows typical examples of the level of variability for
regions of DNA and will not apply to every situation,
and some techniques may be useful across several
levels.
The level of variability detected depends on the
technique used as well as the region of DNA
examined. Sequencing detects the highest level of
variation right down to individual base pair (bp)
changes although time and}or ®nancial constraints
may limit its application to short stretches of DNA.
RFLP-based techniques can detect only those
changes which occur in the restriction site but can be
used to sample across the whole genome. Allozymes
detect only approximately 60% of bp changes and
can only examine enzyme-coding loci for which an
appropriate detection system has been devised.
Highly conserved regions can reveal information
abouttaxonomicrelationshipsbetweenspecies,mod-
erately conserved regions can diﬀerentiate strains or
closely related species; moderately variable regions
can reveal population genetic structure; and highly
variable regions can allow the tracing of particular
®ngerprinted isolates within a population (see Table
1). Ribosomal RNA (rRNA) is widely used in
molecular characterization and phylogenetic studies.
rRNA genes are organized into `rRNA units' which
consist of a series of tandemly repeated sequences
that contain the 18s, 5±8s and 28s genes and the
spacer regions that surround them. As reviewed by
Appels & Honeycutt (1986), the ribosomal DNA
repeats contain three types of sequences with
diﬀerent rates of evolution: the coding regions,
which are highly conserved and have been used to
make hypotheses about the basal branches in the
phylogeny of life (Hasegawa et al. 1985); the
transcribed spacer regions which are moderately
conserved and have been used to reconstruct events
over the past 50¬10' years (Hillis & Davis, 1986);
and the non-transcribed spacer regions which vary
both within and between species (Ranzani, Bernini &
Crippa, 1984; Hillis & Davis, 1986; Sites & Davis,
1989).
Discrimination above species
By far the most extensively used region of the
genome has been the small sub-unit of ribosomal
DNA. It has been used to create universal phylo-
genetic trees linking all life and causing the revision
of the traditional kingdom-based classi®cation of life
(Olsen & Woese, 1993). It is also useful right down
to species level and beyond, producing new revisions
of major groups, such as for the phylum Nematoda
(Blaxter et al. 1998) and the tissue cyst-forming
coccidia (Tenter & Johnson, 1997). Features of
mitochondrial DNA (mtDNA) such as gene order,
genetic code and secondary structure of transfer
RNA (tRNA) and rRNA may provide characters for
phylogenetic analysis of distantly related organisms
(Moritz, Dowling & Brown, 1987).
Discrimination between species
A huge variety of techniques for species diagnosis
has been used as seen in the preceding articles of this
volume. Moderately variable transcribed rRNA
spacer regions such as the internal transcribed
spacers(ITS1andITS2)areusefulindiscriminating
between species. Extrachromosomal regions such as
mtDNA are also useful tools for discriminating both
between and within species. mtDNA contains both
coding and non-coding regions and rates of sequence
evolutionvaryalongthemtDNAmolecule(Harrison,
1989). Because of this intra-molecular variability,
sequence comparisons of diﬀerent regions of the
molecule can provide useful information at a number
of diﬀerent levels.
Discrimination between intraspeci®c variants}strains
Isoenzymes}allozymes. Isoenzyme electrophoresis
was one of the very early techniques used to detect
the diﬀerent molecular variants of enzymes, and
although it can be useful for species level investi-
gations, the majority of studies involve looking for
intraspeci®c variation. Allozymes, a subset of iso-
enzymes looking only at allelic forms of the same
locus, have been used extensively and played a majorMolecular epidemiology 163 S
Table 1. Molecular tools for characterizing genetic diversity at diﬀerent hierarchical levels
Function* Purpose Regions of DNA
Discrimination above level of species Taxonomy}evolution Highly conserved coding regions e.g.
SSU rDNA, features of mt DNA
Discrimination between species Taxonomy}diagnosis}epidemiology Moderately conserved regions e.g.
coding mt DNA genes, ITS rDNA
Discrimination between intraspeci®c Population genetics}breeding Variable regions e.g. allozyme,
variants}strains systems}host adapted RAPD, AFLP
strains}conservation
Discrimination between individual `Fingerprinting' ± tracking Fingerprinting techniques e.g.
isolates}clonal lineages}ecological transmission of genotypes microsatellites
interactions within host identifying sources of infection and
risk factors
Genetic markers}linking phenotype Identifying phenotypic traits of Genotype linked to phenotype via (i)
and genotype clinical signi®cance Genetic map; (ii) RDA; (iii)
sequencing of genes thought to be
linked to phenotypic traits
* In some cases, there may be overlap between the tools (regions of DNA) used and function. This will depend on the
group or organisms being studied and the level of variation detected by a particular tool (see text).
role in the establishment of population genetic
concepts. Allozymes are generally only useful below
the level of closely related genera, and they are a
goodmethodforcomparingstrains}racesandspecies
(Buth, 1984).
RAPDs. Random ampli®ed polymorphic DNA
(RAPD) or arbitrarily primed PCR (AP-PCR) was
independently developed by Williams et al. and
Welsh&McClellandin1990.Thisproceduredetects
nucleotide sequence polymorphisms in a PCR-assay
without the need for previously determined nucleic
acid sequence information. RAPD analysis has been
applied to many parasite populations where it has
been used to diﬀerentiate isolates of Trichinella
(Bandi et al. 1993; Tighe et al. 1994), trypanosomes
(Majiwa et al. 1993; Steindel et al. 1993), Eimeria
(MacPherson & Gajadhar 1993; Procunier, Fer-
nando & Barta, 1993), Tritrichomonads (Fellenstein,
1998), Toxoplasma and Neospora (Guo & Johnson,
1995a, b), Giardia (Morgan et al. 1993), and Crypto-
sporidium (Morgan et al. 1995). Being PCR-based,
the principal limitations of RAPD ®ngerprinting
arise from its sensitivity to reaction conditions and
also to the non-speci®city of the reaction as any
contaminating DNA will also be ampli®ed. There-
fore, stringent procedures to avoid PCR contami-
nation (Kwok & Higuchi, 1989) must be adhered to
when utilizing this technique.
AFLPs. Ampli®ed Fragment Length Polymor-
phism (AFLP) is a new DNA ®ngerprinting tech-
nique which allows the detection of DNA polymor-
phisms without prior sequence information. In
AFLP analysis, genomic DNA is digested with
restriction enzymes, ligated to adaptors, and a subset
of DNA fragments are ampli®ed. The selective
ampli®cation is achieved by the use of primers that
extend into the restriction fragments, amplifying
only those fragments in which the primer extensions
match the nucleotides ¯anking the restriction sites.
Using this method, sets of restriction fragments may
be visualized by PCR without knowledge of nucleo-
tide sequence. Typically 50±100 restriction frag-
ments are ampli®ed and detected on denaturing
polyacrylamide gels (Vos et al. 1995).
AFLPs are likely to be more reliable and repro-
ducible than RAPDs as speci®c primers are used
and therefore high stringency ampli®cation reactions
can be performed, thereby avoiding the problems of
non-speci®c ampli®cation which can be a problem
with RAPDs due to the low stringency ampli®cation
conditions. Research has shown that AFLPs cor-
relate well with RFLP and SSR (microsatellite)
markers (Powell et al. 1996). The technique has
mainly been applied to plant genomes and more
recently to insect (Reineke, Karlovsky & Zelitz,
1998) and bacterial genomes (Lin, Kuo & Ma, 1996),
where it has successfully been used to track a
nosocomial outbreak of Acinetobacter (Koelman et
al. 1997). The main limitation to applying this
technique to parasite genomes, particularly proto-
zoan parasites, is the requirement for relatively large
amounts of DNA (0±2±1 mg). However, for or-
ganisms where DNA can only be obtained in small
amounts and for which little sequence information is
available, the technique could be used as an initial
screening tool on a limited number of isolates to
determine useful polymorphisms which could then
be cloned and speci®c primers designed.
Discrimination between individual isolates}clonal
lineages}genotypes
For transmission and genetic mapping studies,
highly variable genetic markers that are not under
selection by the host need to be utilized. A variety of
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recent years, a number of which have particular
application in studies on the epidemiology of para-
sitic infections.
Mini}microsatellites. Hypervariable loci due to their
relatively high degree of variation between indiv-
iduals are also useful as ®ngerprinting tools and are
known to exist in most if not all species of plants and
animals, including prokaryotic species (Nakamura et
al. 1987) There are two main types of hypervariable
loci: minisatellites (Jeﬀreys, Wilson & Thein, 1985)
and microsatellites or simple sequence repeats (SSR)
(Weber & May, 1989). Minisatellites consist of
repeating motifs of between 10±100 nucleotide base
pairs in length and are usually analysed with DNA
probes which are speci®c for a single locus. Micro-
satellites consist of repeating motifs 2±5 bp in length
and usually exhibit smaller alleles than do mini-
satellites.Microsatellites are more widely distributed
throughout genomes, are more easily identi®ed by
cloning methods and because of their smaller allele
size are more amenable to PCR.
IGS (rDNA intergenomic spacer). The rDNA inter-
genomic spacer region (IGS) is useful for trans-
mission as it is the most variable region within the
rRNA repeat unit. PCR ampli®cation of the IGS
region is facilitated because it is ¯anked by conserved
coding regions. Restriction fragment length poly-
morphism (RFLP) analysis of the IGS region has
already been developed for Giardia (Hopkins et al.
unpublished) and has been shown to be a useful
epidemiological tool in tracking Giardia in localized
endemic foci of infection (Hopkins et al. 1999).
Genetic markers
This level does not represent an increase in de-
tectable variability but involves linking the highly
variable techniques used in the previous level to
phenotypic variation. Loci aﬀecting phenotype can
be identi®ed by several means some of which are
discussed in detail below. Once the loci are identi®ed
and studied the means are available for highly
applied applications such as to predict phenotype
from genotype (e.g. ®nd other organisms likely to
respond to a particular drug); redesign existing
drugs to work better or to act on diﬀerent organisms;
and design vaccines against speci®c parasite proteins.
Genetic mapping. The process of genetic mapping
involves detecting linkage between genetic markers
(such as speci®c RAPD bands or microsatellite
alleles) with loci which in¯uence phenotypic traits.
These loci can then be examined more closely to
determine the cause of observed phenotypic dif-
ferences.
RDA. Representational Diﬀerence Analysis (RDA)
oﬀers an alternative to conventional genetic mapping
procedures, and is a revolutionary new PCR-based
technique which combines subtractive and kinetic
enrichment as a means of targeting speci®c genetic
diﬀerences between individuals (Lisitsyn, Lisitsyn &
Wigler, 1993; Lisitsyn et al. 1994). RDA provides a
way to generategenetic markers linked to a particular
trait of interest without prior knowledge of the
chromosomal location of the gene controlling the
trait or the availability of a pre-existing genetic map.
The application of such a technique to parasites is
particularly exciting as it opens up the prospect of
rapidly isolating markers linked to traits of clinical
signi®cance such as infectivity or drug sensitivity
withouttime-consumingandexpensive genetic map-
ping. A single method for de®ning the diﬀerences
between two DNA populations, for example 2
closely-related virulent and non-virulent strains of a
particular parasite, could lead to the isolation of
genetic markers for virulence, and on a broader level
could lead to the discovery of the genetic basis of
many types of biological phenomena.
High-throughput genotyping
The evolution of both PCR and robotic technologies
during the last decade has reached a point where
genotyping can now be performed routinely, on a
large scale, in a dedicated facility (Barlow & Ewen,
1998). The incorporation of ¯uorescent labels into
diﬀerent primers means that RAPDs, microsatellites
and AFLPs can now be detected by light emitted
during electrophoresis. Ampli®ed products are dif-
ferentiated by colour and also by molecular weight.
By using diﬀerent ¯uorescent labels for diﬀerent
primer pairs several diﬀerent microsatellites}AFLPs
etc. can be applied to one electrophoresis lane. The
incorporation of ¯uorescently-labelled internal stan-
dards in each lane of every run, eliminates the
problems of run to run and well to well variation.
These recent advances mean that genotyping and
also diagnostic tests will now be simpler and faster to
perform and more reliable (Barlow & Ewen, 1998).
applications
Above the species level
Molecular techniques revealing conserved variation
are not only useful for delimiting species, but they
can also provide information above the species level
(Table 1). The most common above-species investi-
gation is determining a phylogeny; that is, ®nding
out which species are most closely related and
estimating sequence of divergence. Phylogenetic
trees also provide valuable information about popu-
lation dynamics and evolutionary history (Harvey &
Nee, 1994). This includes both general processes
and many which are speci®c to infectious agents.
Parasites oﬀer several interesting characteristics
which make them useful to the study of evolutionary
processes. First, host}parasite co-evolution, includ-Molecular epidemiology 165 S
ing the possibility of co-speciation with their hosts,
which can provide 2 independent measures of
divergence allowing comparisons of rate of change
between taxa. Secondly, each life cycle stage often
lives in a unique environment and is exposed to
entirely diﬀerent environmental pressures. Finally,
there are nested levels of organization (within the
individual host, in host populations, in all host
species) with unambiguous boundaries (Bush et al.
1995).
Recent studies are addressing basic questions such
as the processes by which organisms become para-
sitic; for example, a new phylogeny of nematodes,
using SSU rDNA, suggests that parasitism arose in-
dependently at least 4 times (Blaxter et al. 1998).
Studies are revealing a variety of diﬀerent strategies
of invading the host and of evading the host's
immune responses; for example Trypanosoma brucei
and T. cruzi cause diﬀerent human diseases, and as
strategies for immune evasion, T. brucei undergoes
antigenic variation whereas T. cruzi becomes an
intracellular organism. This fundamental diﬀerence
is re¯ected by major diﬀerences in their genetic
organizations and recent comparisons of their gene
sequences indicate that these 2 trypanosome species
arehighlydivergentevolutionarily(Donelson,1996).
Host switching is another evolutionarily interesting
process to test general theories; for example, one
would expect that parasites infecting the ancestral
host will be more genetically diverse than those
which have recently colonized a new host species
(Anderson & Jaenicke, 1997). Host switching is also
of practical signi®cance as it is one way in which new
diseases may emerge.
With respect to evolutionary processes, the study
of virulence and its evolution is a particular area of
interest with observations that, for many diseases,
occurrence in non-adapted hosts can result in
`deadly' infections unlike the situation in natural
hosts (e.g. ebola, hantavirus, arenavirus, viral en-
cephalitis, tick fevers; see Bull, 1994). Virulence
and}or pathogenicity may be de®ned as the potential
for a pathogen to produce morbidity or mortality in
infected hosts (Lipsitch & Moxon, 1997). In theor-
etical models of microparasite superinfection and
transmission, virulence is often considered in terms
of reproductive rate; strains of the parasite with the
greater reproductive rate being more virulent and
always superior in within-host competitive inter-
actions (Bremermann & Pickering, 1983; Nowak &
May, 1994). However, equating virulence with
reproductive rate misses many features of the
parasite}host relationship. From the few studies
which have simultaneously measured parasite re-
productive rate and disease severity there is little
evidence of a positive relationship between the two
(Ebert, 1994). There is, therefore, much interest in
the ability of infectious agents to undergo rapid
genetic variability, the role this plays in their survival
and transmission, and how this aﬀects virulence.
However, obtaining the information for constructing
the necessary predictive models requires the use of
molecular tools which can discriminate between
diﬀerent strains (Lipsitch & Moxon, 1997).
On a more practical level, conserved regions of
DNA may have a predictive value for controlling
parasites. Although the emergence of drug resistant
strains of parasites is likely to be a continuing
impedimenttocontrol,analternativetothedetection
of drug resistant strains is the prediction of drug
sensitivity using molecular techniques. Conserved
drug targets like rRNA and tubulin structures
predict sensitivities to benzimidazoles and amino-
glycosides (Meloni et al. 1990; Armson et al.
unpublished; Mclaughlin, 1997). Similarly, al-
though on a more functional level, comparative
molecular characterization of protease genes in
Leishmania and other trypanosomatids, is seen as a
prerequisite to the design of drugs which target these
enzymes (Sakanari et al. 1997).
Species discrimination
One of the fundamental issues for researchers is to
determine the taxonomic status of the group they are
working with. In order for the information they
learn about their organisms to be useful they need to
delineate exactly what species are involved so that
other researchers can be sure they are studying the
same thing. At the most basic level therefore,
molecular techniques can be developed to detect the
presence of a species. The development of a
diagnostic test(s) is the ®rst step in any epidemio-
logical study, and as we have seen in earlier chapters
in this issue, the advantages of molecular assays,
particularly those based on PCR, oﬀer many advan-
tages over conventional techniques including high
sensitivity and the ability to detect infectious agents
directly in clinical or environmental samples without
the need for laboratory ampli®cation. For example,
with vector-borne infections such as those caused by
Onchocerca volvulus, the success of intervention
programmes requires a precise estimation of the
annual transmission potentials of vector populations
in endemic areas such as Uganda (Fischer et al.
1997). However, accurate surveillance may not be
possibleifthe vectors arealsocapable of transmitting
non-human species of Onchocerca with stages in the
vector morphologically similar to those of O. vol-
vulus. The recent development of sensitive PCR-
based assays which can diﬀerentiate between human
and animal ®lariae species (Fischer et al. 1997) will
thus enable accurate surveillance of vector popula-
tions and an accurate assessment to be made of
control interventions in endemic areas.
One major challenge, particularly in some groups,
is exactly what constitutes a species. The most
commonly used species concept, the `biologicalR. C. A. Thompson and others 166 S
species concept' (BSC) has several drawbacks par-
ticularly for parasitic groups ± interbreeding is often
diﬃcult to test directly as group may be geo-
graphically separated and laboratory crosses may not
re¯ect natural occurrence; most importantly it is
applicable only to sexually reproducing, outcrossing
organisms (Lymbery, 1992). Recent studies, es-
pecially with bacteria, have shown that low levels of
recombination occur in many species allowing the
BSC to be extended to groups previously thought to
be strictly clonal. There is in fact a continuum from
panmixic (strictly sexual, outcrossing) to strictly
clonal breeding systems and in some species this may
vary geographically, between ecological niches or
even over time. For example, malaria (caused by P.
falciparum) in highly endemic areas is close to
panmixia, whereas in lower prevalence areas there is
less crossing (Walliker, 1994). An example of
variation in breeding system between host species is
found with Trypanosoma, where genetic exchange
occurs between the cattle stocks, while an `epidemic'
population structure involving limited genetic ex-
change is a characteristic of the human infective
stocks (Hide et al. 1994). The amount of recom-
bination may also vary over time and it is important
when measuring gene ¯ow to realize that it may not
be current migration but residual evidence of
historical interactions, as suggested from studies of
mtDNA for Ascaris (Anderson, 1995).
Although there is a large number of species
concepts and guidelines for designating species, they
share common attributes that, to be a species, a
group must be cohesive (monophyletic) and distinct
from other groups. A comprehensive taxonomic
study of a group thus involves studying numerous
individuals from the entire geographic range, and
individuals from similar species looking for distinct
clusters, without making assumptions about what
constitutes a population as there may be invisible
ecological subdivisions. Molecular data should never
be examined in isolation from other types of
information. The relationships determined for a
single locus (or even entire extra-nuclear DNA) may
not re¯ect the relationships between whole or-
ganisms. Furthermore, the amount of genetic vari-
ation required to designate a species should be
considered in conjunction with biologically signi®-
cant diﬀerences in traits especially as the actual level
of genetic diﬀerence between species is highly
variable across taxa.
Withthe cestode Echinococcusgranulosus, morpho-
logical and developmental diﬀerences between the
adult parasite of British horse and sheep origin have
been shown to re¯ect considerable genetic varia-
bility. Initially, these forms of the parasite were
described as distinct subspecies but were subse-
quently invalidated taxonomically because of their
sympatric occurrence and other taxonomic argu-
ments (Thompson & Lymbery, 1988). Genetic
characterization has now revealed that the genetic
diﬀerences between these forms are not only con-
served and occur consistently in isolates from horses
and sheep throughout the world, but are also greater
than diﬀerences between currently recognized
species (Thompson et al. 1994; Lymbery & Thomp-
son, 1996). In view of these ®ndings and data from a
number of other host adapted variants of Echino-
coccus, a taxonomic revision of the genus Echino-
coccus has been proposed (Lymbery & Thompson,
1996; Thompson & Lymbery, 1996; Thompson,
1997).
In a number of parasite groups, molecular studies
have revealed subdivisions not apparent using mor-
phology which represent host-adapted `strains'
between which there is very little gene ¯ow and
which probably represent distinct species. This has
important epidemiological consequences that can
help to target control eﬀorts most eﬀectively as it
means no eﬀective transmission is occurring between
host species. For example, the molecular charac-
terization of Ascaris from humans and pigs in
Guatemalan villages where both hosts occur in
sympatry, has revealed that parasite populations
occur in 2 host associated clusters (Anderson,
Romero-Abal & Jaenike, 1993; Anderson & Jaenike,
1997). This suggests that in Guatemala, cross-
infection is extremely rare and}or of very short
duration which contrasts with the situation in North
America where cross-infection has been shown to
occur (Anderson, 1995). From a practical consider-
ation, the results suggest that programmes aiming to
control Ascaris infection in the human population
can safely ignore zoonotic infection from pigs. The
authors suggest that human and pig-associated
Ascaris populations should continue to be regarded
as sibling species both for convenience and because
there are strong reproductive isolating mechanisms
limiting gene ¯ow between them (Anderson &
Jaenike, 1997).
Similarly, with Cryptosporidium, the recent pro-
posals to limit species in the genus to 6 (see
O'Donoghue, 1995) or 8 (Fayer, Speer & Dubey,
1997) would seem to be an oversimpli®cation in light
of earlier taxonomic studies and recent data obtained
from a comprehensive genetic characterization of
isolates from diﬀerent species of hosts (Morgan et
al. 1997, 1998a, c). A range of host-adapted, geo-
graphically conserved, genotypes have been iden-
ti®ed which appears likely to re¯ect taxonomic
discrimination as well as providing a valuable basis
for the predictive epidemiology of cryptosporidial
infections.
Intraspeci®c variants and host-adapted strains
Perhaps the most exciting applications of ME are
those studying within species genetic variation. The
amount of variation within and between populationsMolecular epidemiology 167 S
revealsthepopulationgeneticstructure,thebreeding
system and amount of gene¯ow. During the 1980s,
the challenge was to demonstrate that the phenotypic
variability described for many parasites had a genetic
basis. The application of isoenzyme electrophoresis,
and subsequently RFLP analysis was used widely
for this purpose. For example, research on the
heterogeneity of the causative agent of Chagas'
disease, Trypanosoma cruzi, demonstrates the im-
portant role molecular characterization techniques
have played in elucidating the epidemiological and
clinical signi®cance of intraspeci®c variation. One of
the basic problems in understanding the aetiology of
Chagas' disease is that it can present in a variety of
clinical forms. Because of this diversity and the
signi®cant geographical variation in the severity and
clinical course of the diﬀerent clinical sequelae, it
had long been presumed that T. cruzi was composed
of genetically distinct populations. Research over the
last 15 years, initially using isoenzyme analysis and
more recently DNA characterization techniques, has
unequivocally demonstrated the central role the
genetic constitution of T. cruzi plays in determining
the clinical characteristics of Chagas' disease and the
association between `strain}genotype}clone' with
transmission cycle and drug sensitivity (reviewed in
Miles & Cibulskis, 1986; Thompson, 1988; Macedo
& Pena, 1998).
Because of the extensive genetic and phenotypic
variationthathasbeendemonstratedinEchinococcus,
it is very important to characterize the aetiological
agents in diﬀerent endemic areas in order to
determine transmission patterns, particularly where
there is the possibility of interaction between cycles
(Thompson, 1995; Thompson et al. 1994; Thomp-
son, Lymbery & Constantine, 1990). Unlike the
situation in Britain, where ME has shown that 2
cycles of transmission occur involving 2 distinct
strains, probably species, of Echinococcus with dif-
ferent intermediate host preferences and thus mini-
mal opportunities for interaction (Thompson &
Smyth, 1975; Thompson,1991), there is no evidence
of genetic distinctness between E. granulosus main-
tained in diﬀerent cycles of transmission on the
Australian mainland (Lymbery, Thompson &
Hobbs, 1988; Thompson & Lymbery, 1990; Hope,
Bowles & McManus, 1991). This is signi®cant to the
control of hydatid disease in Australia since wild and
domestic cycles of transmission will interact in areas
where they overlap (Thompson, 1992; Constantine
et al. 1993).
ME investigations on Echinococcus in Australia
have also found that gene ¯ow is restricted between
populations of the parasite on the mainland of
Australia and in the island state of Tasmania, and
that these populations represent distinct strains
(Lymbery & Thompson, 1988; Thompson & Lym-
bery, 1988). Despite the genetic diﬀerences between
mainland and Tasmanian populations, however,
Lymbery (1992) calculated that migration between
the populations was of suﬃcient magnitude to be
responsible for occasional breakdowns in the largely
successful Tasmanian hydatid control campaign.
Protozoan parasites may exhibit considerable
genetic variability making it diﬃcult to predict
transmission characteristics from one endemic area
to another. This is well illustrated in Giardia, where
the question of zoonotic transmission has been
clouded by numerous laboratory-based investi-
gations on potentially, culture-selected isolates. It
was not until the development of appropriate PCR-
based techniques which allowed direct genotypic
characterization of Giardia in faecal samples col-
lected from localized endemic areas, that it has been
possible to study the frequency of zoonotic trans-
mission. An interesting picture has emerged. Al-
though humans and dogs may harbour identical
genotypes, it appears that in areas where the
frequency of transmission is high, competitive
interactions between apparently `host-adapted'
genotypes may preclude establishment of other
isolates of Giardia (Hopkins et al. 1997). In areas
where the frequency of transmission is less intense,
evidence suggests that infections resulting from
zoonotic transmission are more likely to occur.
Outbreaks of cryptosporidiosis are frequently
reported and it is important, particularly in the case
of waterborne outbreaks, to determine the source of
infection (Morgan & Thompson, 1998). Molecular
characterization of isolates of Cryptosporidium par-
vum has identi®ed 2 major genotypes; 1 common to
domestic livestock, particularly cattle, and the other
restricted to humans (Morgan et al. 1997, 1998a, b;
Peng et al. 1997; Spano et al. 1998). Interestingly,
the `cattle' genotype is found in less than 20% of
human cases (Morgan et al. 1998b). The application
of PCR-based genotyping tools can now be applied
to outbreak situations in order to determine the
source of infection. In the notorious Milwaukee
outbreak where over 400000 people became infected,
a human source has recently been identi®ed as
responsible for infection (Peng et al. 1997). Other
potential sources of environmental contamination
include wild animals and recent molecular charac-
terization has revealed distinct genotypes in some
species of native fauna (Morgan et al. 1998a).
Conservation
Although parasitology is recognized as having far-
reaching implications for the ecology and evolution
of species, its importance in the area of conservation
is also increasingly been emphasized (e.g. see Loye &
Carroll, 1995). ME has much to oﬀer in this ®eld,
particularly with the analysis of ®eld samples in
studies on species survival and the impact of
pathogensaﬀectingnativefauna.Endangeredspecies
often decline to very low numbers with subsequentR. C. A. Thompson and others 168 S
loss of genetic diversity which can greatly increase
the populations at risk of debilitating disease from
pathogens that overcome the immune defences of a
single individual (O'Brien, 1994). Exotic diseases
often cause greater mortality in new host species
than ones with which they have coevolved, thus the
introduction of new diseases has the potential to
cause extinction in already endangered species.
For example, feral cats adversely aﬀect Australian
wildlife in a number of ways (Cross, 1990) of which
cat-related diseases such as toxoplasmosis are sus-
pected of being a serious cause of mortality and may
also be contributing to the decline of some en-
dangered species (Cross, 1990; Obendorf, Statham
& Driessen, 1996). Australian native animals are
highly susceptible to infection with Toxoplasma, and
usually suﬀer severely from the disease (Lindsay et
al. 1995; Obendorf et al. 1996). However, the
epidemiology of toxoplasmosis in Australian native
fauna is poorly understood. The cat is essential for
the maintenance of Toxoplasma in endemic areas and
is believed to be the main source of infection for
native animals in Australia (Hartley & Munday,
1974; Obendorf et al. 1996). Although Toxoplasma
has been isolated from numerous species of wild
animals no studies have tried to correlate the occur-
rence of Toxoplasma in native mammals and birds
with that in feral cats occurring in the same geo-
graphicalarea.Themajorlimitingfactorinobtaining
useful epidemiological data has been the inadequacy
of available diagnostic techniques which are reliant
on serology, which is often unreliable (James et al.
1996) and unable to detect latent infections. The
recent advent of ME techniques based on PCR
(James et al. 1996; Muller et al. 1996) will overcome
these problems and oﬀer greater sensitivity, speci-
®city and rapidity for the direct detection of
Toxoplasma in faeces, blood, as well as a variety of
other tissues in which both the active or latent stages
of Toxoplasma may be present.
Tracking transmission
As emphasized above, using appropriate DNA
techniques allows diﬀerent levels of genetic dis-
crimination to be revealed. At the ®nest level,
`®ngerprinting' approaches utilizing micro}mini-
satellites or RFLP}ITS, may allow isolates}clonal
lineages to be followed in order to better understand
inter-and intra-familial transmission at a localized
level in endemic communities, as well as in longi-
tudinal studies. Such approaches can also be used to
study the transmission dynamics of diﬀerent parasite
genotypes and to relate this information to symp-
tomatology and response to treatment. For example,
with Giardia it has been possible to `type' isolates of
the parasites recovered directly from the stools of
chronically infected children over a two year period
(see below), providing evidence of the occurrence of
mixed infections, the response of particular geno-
types to drugs and the frequency of inter-familial
transmission (Hopkins et al. 1997, 1999).
Similarly, with studies on Pneumocystis, a ®nger-
printing approach utilizing the ITS region of nuclear
rRNA suggested that both re-activation of a pre-
viously acquired infection and reinfection from an
exogenous source may be occurring in patients with
recurrent episodes of P. carinii pneumonia (Tsolaki
et al. 1996). These authors also found evidence of
case clustering suggesting the possibility of person-
to-person spread.
Probably the most elegant ME transmission
studies have been undertaken on the spread of
Mycobacterium tuberculosis in endemic communities.
For example, research by Genewein et al. (1993)
involving the genetic typing of individual strains of
M. tuberculosis demonstrated that networks of mar-
ginalized drug users are susceptible to each others'
infections (including TB and HIV), and that these
infections will spread to speci®c individuals in
adjacent groups, such as restaurant workers.
ME will be of most value in endemic areas where
rapid intervention strategies are likely to enhance
control eﬀorts. For example, in diarrhoeal outbreaks
of cryptosporidiosis, the ability to `type' the geno-
types from aﬀected individuals will determine
whether the source of the outbreak is of livestock
origin (i.e. run-oﬀ from pasture) or as a result of a
failure in the human sanitation system (Morgan &
Thompson, 1998). At a more localized level, the
availability of sensitive molecular tools that can de-
tect asymptomatic carriers of Cryptosporidium will
be of immense value in limiting the risk of infection
at the institutional level, such as in day-care centres.
Thus in general, ME interventions will provide
information on which members of a community
become infected with a particular `strain' of in-
fectious agent and by whom. For example, we will
know what proportion of giardial or cryptosporidial
infections in infants come from the parents and what
proportion from siblings; and which social groups
are mainly responsible for transmitting a particular
strain of TB, in the population, and what kind of
contact is high risk? All these answers will allow
more rational planning of interventions.
Ecological interactions within the host
At a more fundamental level, ME investigations are
concerned with our lack of understanding about
within-host infection dynamics. Molecular tech-
niques are being developed which will enable the
kinetics of parasite infection to be studied in the
host. For example, quantitative competitive PCR
has been used to study parasite abundance in
susceptible and resistant strains of mice infected
with T. gondii (Luo et a. 1997). Increasing attentionMolecular epidemiology 169 S
has also been given to the role of genetic variation in
the dynamics of host-parasite interactions, and the
signi®cance of such interactions with respect to
evolutionary considerations and the clinical outcome
of parasite infections. Only a few of these studies
have considered the complications which arise from
the co-infection of a single host with genetically
diﬀerent strains}genotypes of a parasite, and these
have usually been restricted to the case of super-
infection, where one strain usually out competes
another within the host (Bonhoeﬀer & Nowak, 1994;
May & Nowak, 1994; Nowak & May, 1994).
Although such theoretical studies can help to answer
basic questions about the evolution of virulence
(Bonhoeﬀer & Nowak, 1994) and applied problems
such as vaccination strategies (Gupta et al. 1994),
there is at present only a very narrow empirical base
for either testing their predictions or determining
the validity of their assumptions (Thompson &
Lymbery, 1996). We require better ecological and
genetic data to address questions such as: How
frequently do multiple infections of a single host
occur? Is there a competitive dominance hierarchy
among diﬀerent parasite strains within a host? Are
more virulent strains competitively superior? Can
virulence be equated with reproductive rate?
(Thompson & Lymbery, 1996). The application of
ME to these problems is providing the tools for
collecting such data (Hide & Tait, 1991; Bull, 1994;
Thompson et al. 1994).
Mixed-genotype infections of microparasites are
considered to be common, but almost nothing is
known about how competitive interactions within
hosts aﬀect the subsequent transmission success of
individual genotypes (Taylor, Walliker & Read,
1997). We also do not understand the mechanisms
that maintain strain structure in pathogen popu-
lations (Gupta et al. 1996; Lipsitch, 1997). Macedo
& Pena (1998) have recently put forward a complex
picture of clonal interactions in infections with
Trypanosoma cruzi that can only be resolved by
molecular techniques. They propose that `swarms'
of T. cruzi clones may form symbiotic relationships
in the same host but that they must also compete
®ercely for available resources. One would expect
that some clones would be eliminated by their
inability to compete, although diﬀerent clones could
present tropism for diﬀerent tissues thus obviating
the need to compete for the same resources. In vivo
isolation techniques are highly selective for one or
more clones from the original population present
in the patient's blood. Consequently, techniques
dependent on laboratory ampli®cation are not suit-
able. These authors have recently shown that it is
possible to achieve genetic typing directly from
clinical tissues using PCR which will provide a
valuable tool to study the ME and pathogenesis of
Chagas' disease (Macedo & Pena, 1998).
Elegant research reported by Ranford-Cartwright
et al. (1997) has demonstrated the ability of PCR
techniques to study mixed infections with diﬀerent
genotypes of Plasmodium falciparum. Of particular
value was the ability to identify diﬀerent parasite
genotypes in pre- and post-treatment samples thus
allowing recrudescent and}or drug resistant geno-
types to be identi®ed, as well as genotypes resulting
from a new infection or as a result of sequestration.
This approach oﬀers a powerful tool in our under-
standing of the within-host interactions of P.
falciparum genotypes, and the epidemiology of
malaria. In future, it should be possible to type
parasites at the loci responsible for the resistance
although for the majority of antimalarial drugs in
use, these have not been identi®ed (Ranford-
Cartwright et al. 1997).
Studies on the ME of Giardia infections in
localized endemic areas where the frequency of
transmission is high and extensive genetic het-
erogeneity exists within the parasite population,
have shown that mixed infections with more than 1
genetic variant may occur in children (Hopkins et al.
1999). Longitudinal studies have also revealed that
mixed genotype populations do not coexist over time
and eventually one genotype predominates. Whether
this is due to variable sensitivity to drug interven-
tions or competition is not clear. However, experi-
mental studies have demonstrated that competitive
interactions do occur in vitro between genetically
distinct isolates of G. duodenalis with faster-growing
isolates out-competing those with slower growth
rates (Thompson et al. 1996). The addition of sub-
lethal concentrations of metronidazole to clonal
mixturesinvitropreventedthecompetitiveexclusion
which was seen in normal culture. This apparently
occurred because the drug reduced the growth rate,
and presumably also the maximum stationary phase
concentration, of the faster-growing but not the
slower-growing clone (Thompson et al. 1996). In
asexually reproducing organisms, competition be-
tween clones for a restricted resource is expected
to lead to monopolisation by the competitively
superior clone, and therefore a reduction in clonal
diversity in the absence of disturbing forces (Sebens
& Thorne, 1985; Wilson & Hebert, 1992; Weider,
1992). We have argued previously that interference
with the normal homogenizing in¯uence of clonal
competition may account for the greater than ex-
pectedlevelsofgeneticdiversityfoundinpopulations
of Giardia from remote Aboriginal communities in
Australia (Thompson & Meloni, 1993). In these
endemic communities, the disturbing force may be
frequent exposure of the parasite to regular, sub-
optimal chemotherapeutic interventions which may
interfere with the normal homogenizing in¯uence of
clonal competition in Giardia and thus serve to
maintain genetic diversity through pre-emption of
competitiveexclusion (Thompson, 1991;Thompson
& Meloni, 1993; Thompson et al. 1996).R. C. A. Thompson and others 170 S
Genetic markers
Although phenotypic variants have been shown to
diﬀer genetically, the big challenge which remains is
to correlate phenotypic and genetic diﬀerences in the
context of transmission and markers of epidemio-
logical}clinical signi®cance (e.g. for drug resistance
and virulence). The relationship between phenotype
characters such as virulence or drug-resistance and
genotype is important in many ME studies. The
ability to ®nd genetic markers for phenotypic traits
depends greatly on the population genetic structure
which is determined by factors such as amount of
recombination and geographic or ecological iso-
lation.
At a more practical level, there is a role for ME in
discriminating between well de®ned virulence
phenotypes such as those associated with congenital
abnormalities caused by toxoplasmosis. Genetic
markers based on microsatellites in the beta-tubulin
gene of Toxoplasma gondii have potential for direct
screening of biological samples. Since they are PCR-
based they can be used for typing T. gondii isolates
without any bias due to laboratory cultivation of the
parasite (Costa et al. 1997). This area of investigation
is likely to be a huge growth area in ME, although
few studies have been carried out to date. The
combination of information from genome projects,
such as the P. falciparum genome project (Dame et
al. 1996), the large increase in available markers (due
to advances in speed and reduction in costs), and new
techniques such as RDA will assist in the detection
of loci responsible for phenotypic diﬀerences right
down to speci®c nucleotide changes. This will lead
directly to developing practical control measures,
particularly new prophylactics and therapeutics.
However, as infectious agents are subject to
evolutionary adaptation, any intervention, drug or
vaccine, imposes a selective advantage on variants
capable of circumventing that intervention (Ottesen
et al. 1998). The inherent genetic heterogeneity of
infectious agents, and their ability to produce
antigenic and drug resistant variants may thus limit
our changes of eﬀecting sustained control. Genetic
variability may also decrease the eﬀectiveness of
diagnostic tools. There is, therefore, a need to apply
appropriate ME techniques for the surveillance of
parasite populations for the rapid detection of new
variants. If not, as new vaccines and therapeutics are
developed and used against variant populations of
infectious agents, such as malaria, we may once again
face the prospect of pathogens evolving to outrun
our control measures (Lipsitch, 1997).
Analysis
The resulting explosion of molecular data has been
followed, after a signi®cant lag period, with new
methods of analysis. It is also causing a constant
review of theories concerned with processes of
evolution and speciation. All analyses make certain
assumptions, usually to simplify problems enough so
that we can express them mathematically, such as:
that populations are in a state of equilibrium, that is,
all forces acting on them currently have been acting
at similar levels for a very long time. Such idealized
situations are probably never completely met. It is
important to be aware that assumptions are made
and if these assumptions are seriously violated the
result may be invalid. New methods such as
coalescence analysis allow us to recover information
about the shared history of genes and directly
estimate eﬀective population size, migration rates,
recombination rates, population growth and selec-
tion (Beerli, 1997).
Simply `plugging' data into any available pro-
gramme and accepting the result without question is
not acceptable. The production of dendograms is
often the extent of analysis for many published
studies, despite the fact that any random data will
produce a dendogram. Recent research is revealing
that diﬀerent clustering techniques and new ap-
proaches to handling the data can have extreme
eﬀects on the resultant dendogram (Nadler, 1990;
Schoniger & Vonhaeseler, 1995). Techniques are
currently being developed to attempt to quantify the
`power' of a resultant dendogram (Crowley, 1992;
Penny, Hendy & Steel, 1992; Crandall, 1994).
General guidelines include using more than 1 locus,
comparing multiple data sets, contrasting diﬀerent
analysis methods, and bootstrapping (or other re-
sampling techniques) to determine the consistency
of the data. Low sample sizes and low levels of
variability greatly increase the chance of Type II
errors (accepting the null hypothesis incorrectly).
Isolates identical by 1 method may be further
subdivided by a more discriminating method; for
example the ITS 2 sequences of Metastrongylus
salmi and M. confusus were found to be identical,
whereas RAPD analysis, morphological and epidem-
iological data indicated unambiguously that the 2
species are distinct (Leignel, Humbert & Elard,
1997).
There is a lack of communication between the
various ®elds, they use diﬀerent terminology, utilize
diﬀerent techniques and widely diﬀerent frame-
works. Although it is true that generalizing across all
organisms is very diﬃcult, the development of a
common framework is important. In this respect,
evolutionary biology and population biology have
much to oﬀer to infectious disease research in terms
of techniques and cross-discipline collaborative
studies (e.g. phylogenies and population-dynamic
modelling) and testable, sometimes counterintuitive,
hypotheses about the mechanisms and transmission
of disease (Lipsitch, 1997). The provision of quanti-
®able molecular data will greatly enhance the
predictive power of such multidisciplinary investi-
gations.Molecular epidemiology 171 S
future trends
As we have tried to demonstrate, ME may involve
the application of techniques to distinguish closely
related infectious agents or to document patterns of
transmission of `strains' and species within popu-
lations. ME provides a predictive and quanti®able
power to epidemiological investigations not pre-
viously available. This is allowing precise deter-
minations to be made about the aetiological agent, its
characteristics and the source of infection. Pheno-
typic markers will hopefully soon be available so that
more accurate predictions can be made about the
clinical course of any resultant disease and the most
appropriate therapy. It would appear that the future
of infectious disease epidemiology may be largely
dependent on DNA approaches. However, as we
have tried to emphasize, developments in DNA
characterization must be combined with traditional
methods and matched by appropriate methods of
analysis and interpretation.
Ideally, ME techniques should also allow deter-
minations of why infections occur and if they are
likely to occur in the future. Techniques that utilize
virulence markers for parasites and other micro-
organisms and susceptibility markers of human
populations are also needed to provide such deter-
minations; for example, ligands and receptors that
mediate the attachment of infectious agents to the
surface of host cells are being described at the
molecular level (McDade & Anderson, 1996). Simi-
larly,processesassociatedwiththeinvasionoftissues
by infectious agents and dissemination within the
host are also being investigated. Characterization of
the molecules and genes involved may provide the
basis for development of newer techniques. For
example, recent studies have shown a signi®cant
association of recurrent candidal (Candida albicans)
vaginitis with a particular blood group antigen,
suggesting that certain variants of the parasite
preferentially or exclusively infect these women
(Hilton et al. 1995). It has therefore been suggested
that the composition of carbohydrates comprising
the blood group antigen molecules determine which
strains will attach and invade a particular person
(McDade & Anderson, 1996).
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